Introduction {#sec1}
============

Synthetic biology offers plenty of exciting and potential possibilities to have deeper insights, and to understand the fundamentals of "origin of life", and various biological processes required for the cell functions.^[@ref1]−[@ref5]^ Inspired by living cells, scientists intend to create synthetic cellular structures to fundamentally understand the complex biological process involved in the maintenance of life.^[@ref5]^ These synthetic cellular systems are termed as protocells or artificial organelles/cells.^[@ref1]−[@ref3]^ Protocells are biomimetic structures that aim to mimic the properties of biological cells in order to study cellular functions or to be used as bioreactors for biotechnological or drug delivery applications. These protocells consist of an aqueous compartment that can enclose the machinery for a certain biological process delimited by a membrane that should preferably be semipermeable or selective-permeable, to allow the communication with the external environment. Protocells are beneficial for isolating the biological process from undesired external factors, as well as to keep the elements of the biological process close to each other and to regulate the transport of molecules in and out of the cellular environment.^[@ref1]^ Particularly, biocompartmentalization is the essential component of the cells, in which different proteins and enzymes can easily transport molecules and signals to perform various metabolic (biochemical) reactions required for the cell functions.^[@ref1]−[@ref7]^ In the interest of mimicking nature's compartmentalization strategies, cell membranes, forming vesicle structures, have gained tremendous attention because of the reaction space available in the interior of aqueous compartment and at the interface between membrane and the exterior.^[@ref1]^ At the same time, vesicle membranes can enclose proteins and enzymes for a certain biochemical reaction and allow the communication with the exterior. In the present study, we aim to develop cell membrane based nanoreactors loaded with enzymes that will allow enzymatic reactions in the aqueous compartment without the requirement of releasing the enzymes to perform the reactions. In this way, the design of cell membrane-based nanoreactors can protect the sensitive enzymes from proteolytic degradation, and simultaneously allow the catalytic reactions inside the compartment or the transport of desired compounds from the reaction end-product to the outside of the nanoreactors.^[@ref1]^ The concept of cell membrane based nanoreactors will mimic the compartmentalization strategies of a cell.

To attain this, our approach was to use cell membrane derived materials through biomimetic engineering to mimic nature biocompartmentalization strategy. In particular, the selected source materials were breast cancer cells (MDA-MB-231) and red blood cells (RBCs), in order to take advantage of the homotypic binding of cancer cells, to achieve an innovative strategy of active targeting,^[@ref8],[@ref9]^ and the natural biocompatibility and long systemic circulation of RBCs.^[@ref10],[@ref11]^ Moreover, the RBCs have also been selected for the possibility to be further engineered from ghost erythrocytes membranes to form nanoerythrosomes (NERs), i.e., derivatives of RBCs with an average diameter of 100 nm.^[@ref12]^ In fact, the most interesting feature of NERs is their capability to avoid the reticuloendothelial clearance and thus making "stealth" nanocarriers.^[@ref10],[@ref11]^ The physicochemical properties of the cell membrane derived vesicles have been investigated in order to study their possible use as a biomimetic drug delivery system, and especially as a miniaturized reaction vessel, i.e., as a "nanoreactor".^[@ref13]^ To date, RBCs have already been used as a circulating bioreactor for the clearance of undesired substance from the organism,^[@ref14],[@ref15]^ as enzyme transporters for enzyme replacement therapy,^[@ref15]^ whereas cancer cell membrane derived material has also been investigated as artificial organelle.^[@ref13]^ Nevertheless, pure cancer cell membrane, without the integration and support of polymersomes,^[@ref1]^ and mesoporous silicon nanoparticles,^[@ref13]^ has not been investigated yet for these purposes.

Therefore, cancer and red blood cell membranes have been derived from their source material and used to form vesicles, and their physicochemical properties have been studied. The ultimate goal of this study was to investigate if both the cell membrane derived materials were suitable to be used as a biomimetic drug delivery system and as a nanoreactor. It is important to highlight that, even though it is definitely possible to form nanosized vesicles with a narrow size distribution from both cancer cells and red blood cells, actually only NERs can be used to efficiently entrap a payload for therapeutic applications. Previous studies already signalize that using the same cancer cell alone, without the support of inorganic nanoparticles, could not act as an autonomous system for the loading of a therapeutic cargo, because of resulted insufficient entrapment unstable.^[@ref13]^ Although the vesicles were formed in both cases by natural lipid derivatives, the best performances were possible using erythrocyte membrane because of their unique structure.^[@ref16]^ In fact, NERs membrane has a thickness of ∼11 nm,^[@ref17]^ and is more suitable for drug delivery applications than the breast cancer cell membranes (∼4 nm),^[@ref13]^ which is too thin and thus useful only for the coating of nanoparticles.^[@ref8],[@ref13]^

NERs have thus been used as a host material to entrap an enzyme model, the Horseradish Peroxidase (HRP), which provides the microenvironment for the confinement of enzyme molecules, in order to mimic nature compartmentalization strategies. As previously reported by other scientists, the enzyme compartmentalization offered the double benefit of protecting the enzyme and allowing to act "in situ", without the requirement of releasing it.^[@ref18]^ Finally, to study the catalytic efficiency of the nanoreactor, enzyme kinetic constants (*V*~max~ and *K*~m~) have been calculated to compare the reaction rates between an HRP-catalyzed reaction inside the nanoreactor with the same reaction studied in a solution of the pure enzyme. These experiments were performed to understand how the biocompartmentalization process could affect the rate of the enzymatic reaction.

Matherials and Methods {#sec2}
======================

Details of all experimental procedures and characterizations of the resulting breast cancer cells derived vesicles and NERs were included in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf).

Results and Discussion {#sec3}
======================

Physicochemical Characterization of Nanocarriers {#sec3.1}
------------------------------------------------

The physicochemical characterization of the vesicular nanocarriers is probably the most important parameter to study because it is strictly related to their final properties and way of administration. In fact, size, shape, size distribution and zeta potential of colloidal nanoparticles can affect their fate after systemic injection, and modulate distributions through passive targeting.^[@ref19]−[@ref22]^ Furthermore, surface properties,^[@ref23]−[@ref25]^ and modifications,^[@ref26]−[@ref28]^ of colloidal nanoparticles can affect their potentialities in therapy, control pharmacokinetic and biodistribution, and target selectively cells and tissues.

Nanoerythrosomes, as already reported in literature, have great potential in nanomedicine as circulating bioreactors,^[@ref14],[@ref15]^ artificial organelles,^[@ref13]^ drug carrier for parasitic diseases,^[@ref12],[@ref29]^ and for enzyme replacement therapy;^[@ref15]^ but the most important application is indeed for cancer therapy. Although the pure ghost erythrocytes have been used successfully to treat or detect solid tumors, their micrometer size (≈ 7--8 μm) limits the extravascular diffusion of these carriers, as well as their chance to directly approach tumor cells, thus making active tumor cell-targeted drug delivery almost impossible.^[@ref12]^ In fact, nanoparticle based drug delivery systems must be thus smaller than 200 nm, as reported in literature;^[@ref30]^ that is why the size and PDI are crucial to be investigated. PolyDispersity Index (PDI) is a parameter, which indicates the size distribution of nanoparticles. PDI below 0.3 shows homogeneous nanoparticle size distribution, whereas nanoparticles with a PDI over 0.3 are broad size distributed and contain large particles or aggregates that can slowly form a bottom sediment.^[@ref30]^

The average sizes and PDI of cancer cells derived vesicles and NERs were optimized combining different procedures as previously reported.^[@ref31]^ In particular, they were synthesized using thin layer evaporation (TLE) method combined with extrusion and/or sonication, or directly by extrusion through a polycarbonate membrane filter pore by 8--10 consecutive extrusions under nitrogen pressure in a thermostatically controlled extrusion device at a 37 °C. These procedures allow us to get nanoparticles with average sizes and PDI depending on the lipid compositions and preparation procedures.^[@ref31]^ The combination of TLE with extrusion and/or sonication affects the physicochemical parameters of both the colloidal nanoparticles.

The cancer cell derived vesicles made up by TLE had an average size of 135 ± 62 nm and a PDI of 0.195 ± 0.01 ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Even though size and PDI measurements made them suitable for drug delivery applications, they were excluded as potential candidates for the loading of the enzyme, because the membranes were thin and thus useful only for the coating of nanoparticles as herein reported.^[@ref8],[@ref13]^ In fact, we previously demonstrated that vesicles originated from cancer cell membranes without the pain support of undecylenic acid modified thermally hydrocarbonized PSi (UnPSi) nanoparticles cannot form nanovesicles with a bilayer structure capable to effective loading enzymes.^[@ref13]^ This evidence demonstrated that UnPSi, as well as other nanoparticles, are crucial components in the design of nanoreactors supporting the enzymatic activity and catalysis. UnPSi also support the partition of enzymes in the nanoreactors mimicking artificial organelle structure, and improve the performances of enzyme kinetic that was not allowed with nanoreactors of thin layer cancer cell membrane vesicles.^[@ref13]^ The stabilization of cancer cell membrane vescicles with UnPSi also maintains the intactness and stability of the structure.^[@ref13]^ Similar results were obtained constructing hierarchical yolk--shell\@shell structured bifunctional mesoporous silica nanoreactor with Pd nanoparticles deposited in the inner core and enzymes adsorbed in the outer shell.^[@ref32]^ The architecture of hybrid shell--core nanoconstruct increases the enzymatic catalysis of enzymes (amine) inside the nanoreactors due to the a complete spatial separation of metal active components and substrates and the right orientation of the desired diffusion pathway of the reaction sequence.^[@ref32]^

###### Physicochemical Characterization of Breast Cancer Cell (MDA-MB-231) Membrane-Based Vesicles and Nanoerythrosomes (NERs) Derived from Red Blood Cells (RBCs)[a](#tbl1-fn1){ref-type="table-fn"}

  formulations                                                                                      sizes (nm)   PDI[b](#t1fn1){ref-type="table-fn"}   ZP[c](#t1fn2){ref-type="table-fn"} (mV)
  ------------------------------------------------------------------------------------------------- ------------ ------------------------------------- -----------------------------------------
  TLE[d](#t1fn3){ref-type="table-fn"}--MDA-MB-231 cell membrane vesicles                            135 ± 62     0.195 ± 0.01                          --21 ± 4
  TLE[d](#t1fn3){ref-type="table-fn"}--NERs[e](#t1fn4){ref-type="table-fn"}                         478 ± 47     0.669 ± 0.03                          --34 ± 1
  sonication/extrusion MDA-MB-231 vesicles                                                          85 ± 79      0.404 ± 0.02                          --21 ± 3
  sonication/Extrusion NERs[e](#t1fn4){ref-type="table-fn"}                                         138 ± 54     0.249 ± 0.01                          --30 ± 4
  HPR[f](#t1fn5){ref-type="table-fn"}--NERs[e](#t1fn4){ref-type="table-fn"} (before purification)   156 ± 82     0.265 ± 0.01                          --33 ± 1
  HPR[f](#t1fn5){ref-type="table-fn"}--NERs[e](#t1fn4){ref-type="table-fn"} (after purification)    168 ± 66     0.120 ± 0.01                          --31 ± 2

Average sizes, narrow size distribution (Polydispersity Index), and zeta potential of colloidal nanoparticles were measured by dynamic light scattering analysis using a Zetasizer Nano ZS (Malvern, UK). Results are the mean ± standard deviation from at least three independent measurements.

Polydispersity index (PDI).

Zeta potential (ZP).

Thin layer evaporation (TLE).

Nanoerythrosomes (NERs).

Horseradish peroxidase (HRP).

The average thickness of the bilayer forming stable nanovesicles is 5.58 nm and the variations in the thickness are within 0.6 nm. This minimum value is higher than ∼4 nm,^[@ref13]^ obtained using cancer cell associated membranes, and corresponded to molecules in a highly defective state that bridges the interdigitated region of the bilayer on one leaflet with the subsequent noninterdigitated region. This thickness indicated the development of complicated correlations between height, headgroup density, tilt, and tail conformation in order to accommodate the rippling in the bilayer, and generated nanovesicles unsuitable for delivering active agents.^[@ref33]^ Additionally, theoretical experiments demonstrated that asymmetric bilayers separated by 6 nm required less energy to allow the fusion pore formation, and can promote fusion of membranes by a large scale deformations of lipid bilayers and a relative increase in kinetic reaction.^[@ref34]^

Cancer-cell-derived vesicles obtained using only the extrusion procedure showed an average size of 85 ± 79 nm, and a PDI of 0.404 ± 0.02 ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In this specific case, the size of resulting vesicles was quite small and thus these nanoparticles could be used as a biomimetic drug delivery system; unfortunately, their PDI value was beyond the limit of 0.3 for narrow size distributed particles. It means that the cancer-cell-derived vesicle population was polydisperse,^[@ref30]^ as also confirmed by transmission electron microscopy (TEM) images ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, B). TEM images proved the limited thickness of the cancer cell derived vesicles (≈ 4 nm),^[@ref13]^ formed by direct extrusion, compared to NERs, and also their broad size distribution ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, B). Furthermore, TEM images showed that empty NERs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} C--F) were well distributed along the grid, presented a narrow size distribution, and a thick membrane (≈ 11 nm),^[@ref17]^ suitable for drug delivery applications ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C--F). Interestingly, NERs also preserved the characteristic biconcave discoidal shape of RBCs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F).

![Transmission electron microscopy (TEM) photos of (A, B) cancer cell derived vesicles and (C--F) empty NERs, obtained using only the sonication/extrusion techniques. The thickness and polydispersity of the cancer cell derived vesicles (≈ 4 nm) and NERs (≈11 nm) were analyzed using the TEM images and further compared. Vesicles obtained from (A, B) cancer cell membrane derivatives are broad size distributed, whereas (C, D) NERs are size distributed. (E) The zoom of NERs allows appreciating the narrow size distribution and the spherical shape of nanovesicles. (F) NERs preserved the characteristic discoidal biconcave shape of RBCs. The TEM photos are representative of three different and independent analyses.](ab-2017-00944z_0001){#fig1}

For this reason, cancer-cell-derived nanocarriers have been excluded for the further experiments, and only NERs were used to test enzyme kinetics.

A completely opposite situation could be observed for the NERs, made up using TLE method, which had an average size of 478 ± 47 nm and a PDI of 0.669 ± 0.03 ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This size was bigger than 200 nm and it might not be suitable to achieve long-circulating nanoparticles for systemic injection. Furthermore, the PDI was more than two times bigger than the limit of 0.3, which provided stable and narrow size distributed colloidal nanoparticles.^[@ref30]^ On the basis of these physicochemical properties, NERs, made up from TLE method, were excluded as potential candidates for further experiments.

Instead, NERs made up only by extrusion, showed an average particle size of 138 ± 54 nm (empty) and a slight increase in size value up to 156 ± 82 nm after HRP encapsulation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). These values were obtained before the purification of NERs made up by direct extrusion. Conversely, HRP-NERs had an average size of 168 ± 66 nm after purification ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The small increase in size after the loading of HRP could depend on the high molecular weight of enzyme itself,^[@ref35]^ which was confined in the outer compartment of nanoparticles. In addition, PDI values changed from 0.249 ± 0.01 of empty NERs to 0.265 ± 0.01 and 0.120 ± 0.01 of HRP-NERs before and after purification, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The increase of PDI value after the loading of HRP could depend on the rearrangement of enzyme inside the nanoparticles. In fact, HPR was not completely dispersed inside the aqueous core of NERs but could partially adsorbed on the external bilayer. This distribution of enzyme in the colloidal nanoparticles was evident for unpurified NERs; therefore, the PDI decreased and was below 0.15 after purification due to the successful removing of the unentrapped HRP, which allowed to make narrow size distributed nanoparticles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![Dynamic light scattering analysis of size and polydispersity index (PDI) of empty nanoerythrosomes (NERs) and horseradish peroxidase loaded-nanoerythrosomes (HRP-NERs) before (red) and after (blue) purification through bag dialysis. Empty NERs were not purified before the analysis. The dialysis was carried out only for the HRP-NERs to remove the untrapped enzyme. The PDI of HRP-NERs decreased below 0.1 due to the removing of enzyme which is adsorbed on the surface of NERs and is not loaded from the nanovesicles. The resulting PDI shows a narrow sized distribution of HRP-NERs. The analysis was carried out using a Zetasizer Nano ZS (Malvern, UK) and represents the average ± standard deviation (S.D.) from at least three independent measurements.](ab-2017-00944z_0002){#fig2}

Dynamic light scattering (DLS) analysis was further endorsed by nanoparticle tracking analysis (NTA). NTA data of empty NERs were in agreement with the DLS results and showed a mean particle size of 154 ± 1 nm for empty nanoparticles ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Nanoparticle tracking analysis (NTA) of (A) empty nanoerythrosomes or NERs and (B) horseradish peroxidase-loaded nanoerythrosomes or HRP-NERs: D10, D50, and D90 represent the average diameter of the 10, 50, and 90% of the nanoparticles. The analysis represents the average ± standard deviation (S.D.) from at least three independent measurements.](ab-2017-00944z_0003){#fig3}

The mode and standard deviation of measurements were 144 ± 8 and 43 ± 1 nm, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). Results demonstrated that NERs were fractionated in three major particle distributions with different diameter values as below reported: (i) 10% of the particles showed a mean diameter of 72 ± 1 nm; (ii) 50% had a mean diameter of 119 ± 3 nm; and (iii) 90% had a mean diameter of 181 ± 2 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). The three major distributions of nanoparticles depended on the origin of NERs. In fact, since these natural colloidal nanoparticles take origin from RBCs, it is not easy to control their size distribution accurately as with the synthetic nanoparticles. A slight increase of NTA analysis was carried out after loading of HRP inside NERs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The mode and standard deviation of measurements for the HPR-NERs were 171 ± 7 and 47 ± 3 nm, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). HPR-NERs were also fractionated in three major particle distributions with different diameter values as below reported: (i) 10% of the particles showed a mean diameter of 89 ± 1 nm; (ii) 50% had a mean diameter of 133 ± 3 nm; and (iii) 90% had a mean diameter of 191 ± 1 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). Results were in agreement with DLS analysis ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) and demonstrated that the loading of enzyme provided a slight increase of average sizes and size distribution without affecting significantly the physicochemical parameters of NERs. The NTA analysis also calculated the final concentration of NERs as a function of average sizes in the sample suspension.^[@ref34],[@ref35]^ Empty NERs showed a particle size concentration of 1.23 × 10^9^ NERs/mL ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), whereas HPR-NERs had a particle size concentration of 1.38 × 10^9^ NERs/ml ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). Both for the DLS and NTA analysis were not necessary to dilute samples in order to avoid multiscattering phenomena because their concentrations were already at the magnitude of ∼ 1 × 10^9^ particles/mL.

TEM images proved the limited thickness of the cancer cell derived vesicles (≈ 4 nm),^[@ref13]^ formed by direct extrusion, compared to NERs, and also their broad size distribution ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, B).

TEM images showed that NERs loaded with the enzyme ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) were well distributed along the grid, presented a narrow size distribution, and a thick membrane (≈ 11 nm),^[@ref17]^ suitable for drug delivery applications ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). These data were in agreement with empty NERs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C--F). TEM analysis further demonstrated that the loading of HPR inside NERs did not modify the shape, size and size distribution of nanoparticles before ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A, C) and after ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B, D) their purification. Furthermore, NERs loaded with the enzyme preserved the characteristic biconcave discoidal shape of RBCs as herein reported for empty NERs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F).

![Transmission electron microscopy (TEM) images of horseradish peroxidase loaded-nanoerythrosomes (HRP-NERs). HRP-NERs (A, B) before and (C, D) after dialysis purification do not modify significantly their size and shape compared to the empty vesicles (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The TEM images are representative of three different and independent analyses.](ab-2017-00944z_0004){#fig4}

We further investigated the zeta potential of NERs before and after purification of colloidal nanoparticles. The zeta potential takes origin from interactions of the electric double layer surrounding the particle.^[@ref36]^ The magnitude of the zeta potential gives an indication of the potential stability of the colloidal system. If all the particles in suspension have a large negative or positive zeta potential then they will tend to repel each other and there will be no tendency for the particles to aggregate.^[@ref36]^ However, if the particles have low zeta potential values, then there will be no force to prevent the particles coming together and flocculating.^[@ref36]^ The limit between stable and unstable suspensions is generally taken at either +30 or −30 mV. Particles with zeta potential more positive than +30 mV or more negative than −30 mV are generally considered stable. The zeta potential values agreed data previously reported by other different groups.^[@ref17],[@ref37]^ RBCs have natural source, samples produced by sonication and extrusion methods in PBS or Milli-Q water (pH 7.4) showed a very reproducible zeta potential value of ca. -- 20 and −30 mV ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). These data were in agreement with those previously reported.^[@ref37]^ ZP values did not depend on the preparation methods and loading of HRP and are only affected by the composition of external membrane vesicles ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In fact, nanoparticles, made from cancer cell membranes, are less negative (−20 mV) than NERs (−30 mV) and these values are not affected by the purification and entrapment of HRP ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The average sizes, PDI ([Figure S1A](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)), and ZP ([Figure S1B](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)) of NERs and HPR-NERs are stable up to 3 days and increased from day 3 to 7 ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). Conversely, NERs and HPR-NERs are not stable in Milli-Q-water ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)), RPMI-1640 medium ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)) and RPMI-1640 supplemented with FBS ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). The average sizes and PDI of NERs and HPR-NERs in Milli-Q-water ( [Figure S2A](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)), RPMI-1640 medium ([Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)), and RPMI-1640 supplemented with FBS ([Figure S4A](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)), as well as their ZP values ([Figures S2B, S3B, and S4B](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf), respectively), increased at different time of incubations (days 0--7) compared to the native NERs and HPR-NERs ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). Differences in the average sizes, PDI, and ZP of NERs and HPR-NERs incubated in the aqueous medium and cell culture medium with or without FBS depended on the ionic strength and composition of medium, which may have favored the ionic interaction between RBC components of NERs, thus promoting the aggregation of nanoparticles. Interestingly, the presence of FBS in the cell culture medium may favor the self-assembling of serum components in nanoaggregates (Peak1, average sizes) of ∼30 nm ([Figure S4A](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)), which increased in sizes from day 3 to 7 of incubation times, while remaining stable (Peak2, average sizes) in HRP-NERs ([Figure S4A](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)).

Loading Efficiency of Nanocarriers {#sec3.2}
----------------------------------

The loading of payloads is another important physicochemical parameter to be investigated because this value is strictly related to the therapeutic activity of nanoparticles.^[@ref38]^ This is true for drugs, particularly anticancer^[@ref39]^ and anti-inflammatory agents,^[@ref40]^ peptides,^[@ref41]^ and nucleic acid.^[@ref38],[@ref42]^ Regarding the enzyme activity, although high encapsulation efficiencies are often desired, when enzymes preserve their catalytic activity, the maximum number of entrapped enzymes is not so important.^[@ref18]^

The loading percentage of HRP inside NERs was calculated with an external calibration curve ([Figure S5 and eq S3](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)) using sequences of different standard solutions of HRP in sodium phosphate buffer (25 mM, pH 7.4) ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). The resulting calculated encapsulation efficiency % (EE%) of HRP is 58.2 ± 2.91% ([eq S2](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). This value demonstrates that NERs can entrap efficiently the HRP in their aqueous compartment.

Enzyme Assay and Kinetic of Nanocarriers {#sec3.3}
----------------------------------------

The catalytic activity of the NERs has been investigated using the Amplex Red (AR) according to standard protocols reported in other studies.^[@ref13]^ In this method, the nonfluorescent AR has been oxidized by H~2~O~2~, in the presence of HRP, producing a fluorescent end product, resorufin.^[@ref13]^ In particular, the enzymatic reaction allows to follow the formation of the product because of its high fluorescence intensity as a function of time. This is clear evidence that the enzyme preserved its activity after entrapment into the NERs and after purification. Furthermore, the reaction kinetics can be monitored because the cell membrane itself is semipermeable and allowed the flow of molecules and substances on the inside and on the outside of the systems ([Figures S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)).^[@ref13],[@ref43]^

Apparent kinetic constants (*K*~m~ and *V*~max~) were obtained by fitting the Michaelis--Menten equation ([eq S1](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)) to plot the initial reaction rates versus the substrate concentrations using Origin version 8.6 Software ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

###### Enzyme Kinetics Parameters, Michaelis--Menten Constant and Maximum Reaction Rate Values of Pure Horseradish Peroxidase and Horseradish Peroxidase-Loaded Nanoerythrosomes (nanoreactor) Using Hydrogen Peroxide (H~2~O~2~) and Amplex Red (AR) as Substrates[a](#tbl2-fn1){ref-type="table-fn"}

  formulations                                *V*~max~ (× 10^--6^ M min^-1^)[b](#t2fn1){ref-type="table-fn"}   *K*~m~ (× 10^--6^ M)[c](#t2fn2){ref-type="table-fn"}
  ------------------------------------------- ---------------------------------------------------------------- ------------------------------------------------------
  HRP[d](#t2fn3){ref-type="table-fn"}         5740.81 ± 37.67                                                  11.85 ± 0.04
  HPR--NERs[e](#t2fn4){ref-type="table-fn"}   9141.66 ± 189.35                                                 9.50 ± 0.22

Results are the mean ± standard deviation from at least three independent measurements.

*V*~max~, maximum reaction rate.

*K*~m~, Michaelis--Menten constant.

HRP, pure horseradish peroxidase;

HRP-NERs, horseradish peroxidase-loaded nanoerythrosomes.

Experimental results highlight demonstrated a 2-fold increase of the *V*~max~ for the nanoreactor (9141.66 ± 189.35 × 10^--6^ M min^--1^) compared to pure HRP in solution (5740.81 ± 37.67 × 10^--6^ M min^--1^). This was due to the faster reaction rate, thus suggesting a high catalytic activity of the confined HRP within the membrane-enclosed compartment ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)).

*K*~m~ low values were obtained for the nanoreactor (9.50 ± 0.22 × 10^--6^ M) compared to the pure enzyme (11.85 ± 0.04 × 10^--6^ M); but the improvements were not so pronounced like with *V*~max~ ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). This value is probably indicating not complete purification so the enzymatic reaction is affected also by free enzyme on the outside of the vesicles ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). Furthermore, it may not be possible that the confinement of HRP destroyed the integrity of the HRP, otherwise a low *V*~max~ value would have also been expected, and moreover, resorufin would not have been even formed and then would not have been possible to observe any variations of fluorescence ( [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)). In addition, it has already been investigated the possibility that the electrostatic interactions of enzyme and biocompatible materials, could provide the protein unfolding, which could decrease the enzyme catalytic activity.^[@ref13],[@ref44]^ Because all the components of the nanoreactor (e.g., red blood cell membrane and HRP at pH 7.4) have negative charges ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), as previously reported,^[@ref37]^ thus this possibility can be excluded.^[@ref13]^

Therefore, these results indicated the high substrate affinity to HRP inside NERs, due to the favorable interactions of HRP, H~2~O~2~, and AR within the cell membrane, as a result of confinement effects ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)).

The kinetic data demonstrated that *V*~max~ and *K*~m~ of the conversion of HRP into fluorescent resorufin in the presence of Amplex Red were increased using the NERs [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)) compared to pure enzyme ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)) in solution due the confinement of enzymatic reaction inside the aqueous compartment of NERs. This effect increased the interaction between enzyme and substrate and potentiates the reaction rate, thus providing a 2-fold increase in enzyme efficiency compared to bulk solution ( [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)).

These results were in agreement with data previously reported,^[@ref13]^ where undecylenic acid modified thermally hydrocarbonized silica nanoparticles (UnPSi) with or without coating with the cancer cell membranes allowed the access of AR and H~2~O~2~ inside the core of nanoparticles, their confinement and enzymatic reaction with HRP loaded in the aqueous core due to permeation of membranes forming the relative coating.^[@ref45]^ In particular, UnPSi nanoparticles and nanoreactors decreased of 2- and 13- fold their *K*~m~ values compared to free enzyme due to the confinement of H~2~O~2~ inside the nanoreactors and the resulting high affinity of this substrate to HRP.^[@ref13]^ Furthermore, pores of UnPSi nanoparticles loading HRP promoted the interaction between HRP and H~2~O~2~, and facilitated the collisions of H~2~O~2~ with pores, interface of particle surface, and cell membranes, thus resulting in a confinement process.^[@ref46]^ These results were further reported in previous study demonstrating the higher affinity of substrates for enzymes after its immobilizing in polymeric nanoreactorrs.^[@ref46]^ Conversely, the previous study demonstrated that the *V*~max~ increased ∼2-fold and ∼3 fold for UnPSi nanoparticles and nanoreactors, respectively, compared to free enzyme, thus suggesting high catalytic activity of HRP that is confined within the membrane compartment of UnPSi nanoparticles and nanoreactors.^[@ref13]^ These data are in agreement with *V*~max~ of HRP-NERs ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The resulting increase of catalytic reaction depended on the high permeability of the membranes coating the UnPSi nanoparticles or forming nanoreactors,^[@ref13]^ as in the case of NERs. In fact, previous data demonstrated that biological membranes were high permeable to H~2~O~2~, used for other purposes,^[@ref47]^ and this high permeation enhanced the flow of H~2~O~2~ through the membrane and accelerated its local concentration as well as affinity to HRP, thus increasing the enzymatic catalysis. Conversely, low values of *V*~max~ obtained for porous silica particles and polymersomes, compare to free enzyme in solution, showed that a slow enzymatic reaction is carried out.^[@ref47]−[@ref49]^ This decrease of catalytic reaction and the resulting slow reaction that occurred particularly in porous silica nanoparticles, as previously reported,^[@ref13]^ depended on different factors such as modification of the enzyme structure, adsorption of the enzyme on the porous materials crowding effects and diffusion of molecules through the membranes.^[@ref50],[@ref51]^ Furthermore, the decrease of *V*~max~ values for H~2~O~2~ depended on the disruption of the enzyme that was affected by the confinement of HRP inside the nanoreactor compartment,^[@ref13]^ or due to the diffusional resistance of substrates.^[@ref52]−[@ref54]^ In such a way, we previously demonstrated that UnPSi nanoparticles coated with cancer cell membranes favored the interaction between AR with the hydrophobic counterpart of bilayer membrane and hindered the enzymatic interaction with HRP,^[@ref13]^ thus causing slow values of *V*~max~ of nanoparticles compared to the free HPR in solution.^[@ref55]^

Conversely, spherical polyelectrolyte brushes nanoparticles of 200 nm in size can also affect the Michaelis--Menten kinetic constants allowed the immobilization of enzymes on the surface of colloidal nanopartilces and decreased their enzymatic activity, compared to the free enzyme in solution, due to the protein--protein interaction occurred using the nanreactors.^[@ref56]^

Triblock copolymers of poly(2-methyloxazoline)-*block*-poly(dimethylsiloxane)-*block*-(2-methyloxazoline) forming PEGylated liposome based nanoreactors affected the Michaelis--Menten kinetic constants of various entrapped enzymes, i.e., inosine, adenosine, guanosine, thus potentiating the enzyme--substrate interaction and improving the membrane transport and activity as a function of porine to polymer ratio in the nanoreactor membrane.^[@ref57]^

Results demonstrated that the red blood cell membrane allowed the substrates (AR and H~2~O~2~) to access the encapsulated HRP, suggesting that the membrane was permeable and allowed the flow of molecules ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf)).

Conclusions {#sec4}
===========

In conclusion, in this work cancer and red blood cells' membranes have been derived from their source material, i.e., breast cancer cells (MDA-MB-231) and red blood cells. Their physicochemical properties (e.g., average sizes, PDI, morphology) have been studied in order to exploit their potentiality as natural drug delivery systems and, more in detail, as nanoreactors (i.e., miniaturized reaction vessels).^[@ref13]^ The source material has been selected to take advantages of the homotypic binding of cancer cells and the inherent biocompatibility, long systemic circulation and stealth capability specific of RBCs. The physicochemical characterization showed that both the natural colloidal nanoparticles, synthesized and physicochemical characterized by different methods, present a size smaller than 200 nm and a narrow size distribution with a PDI value smaller than 0.3. Moreover, TEM studies demonstrated that NERs had very thick membrane (≈ 11 nm), appropriate to deliver a wide variety of therapeutic agents and preserved the characteristic biconcave disc shape of red blood cells, whereas cancer cell derived vesicles might be suitable only for the coating of nanoparticles.

The loading of HRP in this thin and ultrasoft compartment of NERs could cause a fast catalytic reaction, therefore this study, as a proof of concept, could make nanoreactors an attractive field of study to have a better comprehension of biological processes and, eventually, to develop a new generation of biomimetic nanotherapeutic agents.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsbiomaterials.7b00944](http://pubs.acs.org/doi/abs/10.1021/acsbiomaterials.7b00944).Detailed Materials and Methods section of different procedures that are used to perform the various experiments; experimental details and physicochemical characterization results of cancer cell membranes and resulting nanocarriers; experimental details and secondary physicochemical characterization results of enzyme assay and kinetic of nanoerythrosomes ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.7b00944/suppl_file/ab7b00944_si_001.pdf))
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NERs

:   nanoerythrosomes

HRP

:   horseradish peroxidase

*V*~max~

:   maximal velocity

*K*~m~

:   Michaelis constant

MDA-MB-231

:   breast cancer cells
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:   red blood cells

PDI

:   polydispersity index

TLE

:   thin layer evaporation

TEM

:   transmission electron microscopy

DLS

:   dynamic light scattering
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:   nanoparticle tracking analysis
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:   amplex red
